The biaxial magnetic-field setup for angular-dependent measurements of magnetic thin films and spintronic nanodevices is designed and presented. The setup allows for the application of the in-plane magnetic field using a quadrupole electromagnet, controlled by power supply units and integrated with an electromagnet biaxial magnetic field sensor. The setup may be used in a wide range of experiments, where the application of precise in-plane magnetic field is needed. In our experiment, the probe station is equipped with a microwave circuitry, which enables angle-resolved spin-torque measurements. The angular dependences of magnetoresistance and spin diode effect in a multilayer patterned into µm-scale strips are shown as an operational verification of the experimental setup. We adapted an analytical macrospin model to reproduce both the resistance and spin-diode angular dependence measurements.
I. INTRODUCTION
T HE ferromagnetic resonance (FMR) [1] in thin ferromagnetic films measured typically in a microwave regime can deliver many useful information important for spintronics applications [2] , such as magnetization saturation, magnetic anisotropy energy, and Gilbert damping. In devices patterned into micrometer to nanometer sizes, the FMR can be detected electrically using the spin-torque diode (SD) effect [3] - [5] . In this effect, a radio frequency (RF) current passes through an anisotropic magnetoresistance [6] , [7] , giant magnetoresistance [8] - [10] , or tunnel magnetoresistance [3] , [11] device, which, due to spin transfer or field torque effect, induces the resistance oscillations. These oscillations mix with the RF current and as a result produce an output dc voltage [3] , [9] .
The SD effect can potentially be used in various applications, such as microwave detectors [11] - [13] , modulators [14] , and demodulators [15] . In addition, by performing the analysis of angular dependence of SD measurements [5] , one can determine the dynamic properties of the investigated magnetic system, such as resonance fields or frequencies of both FMR [7] and standing spin wave modes [16] .
An experimental approach often requires a characterization of prototype devices by applying the external magnetic field at different in-plane angles or to measure the angular relations of electric and magnetic parameters (e.g., resistance versus magnetic field angle) [8] . Such measurements can be done by mechanically rotating a sample in a dipole electromagnet, using perpendicular crossed Helmholtz coil pairs or using a quadrupole electromagnet. The first method requires a complex mechanical system that is difficult to realize for microwave measurements. In perpendicularly crossed Helmholtz coils, an arbitrary magnetic field angle can be easily applied by setting suitable currents for each pair of coils. However, the magnitude of the field in such non-superconducting electromagnet is limited to a few kA/m. A quadrupole electromagnet enables the increase of the maximum field magnitude while still allowing to control the field angle electrically. However, due to the non-linear magnetizing curve of the ferromagnetic cores and strong influence of coil pairs on each other, a precise magnetic-field control system is needed.
In this paper, we present a complete microwave and magnetoresistance measurement system that allows for varied magnetic field angle-resolved investigations of spintronic devices. The field may be controlled using a proportional-integralderivative (PID) algorithm or without a feedback loop. The measurement setup (Fig. 1) consists of the following: RF generator, bias tee, and sourcemeter. In addition, in this paper, we present a specially designed electromagnet-pole-shape 0018-9464 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. which can increase field homogeneity, without increasing the outer dimensions of the magnet. Dedicated software enables measurement using the presented hardware, especially dc voltage versus RF current characterization. The presented magnetic field generator device may also be used with other measurement equipment for a wide range of angular-dependent measurements of magnetic effects, both in dc and RF regimes.
In Section II-A, we describe the generation and measurements of magnetic field by a quadrupole electromagnet and electronics implementation of a magnetic field vector controller. In Section II-B, we present the measurement setup used to examine SD voltage, and in Section II-C, we present a sample structure. Next, we discuss the results on SD voltage obtained with the designed system.
II. EXPERIMENTAL

A. Magnetic Field Generation and Measurement
1) Quadrupole Electromagnet:
To apply an arbitrary in-plane magnetic field vector, a quadrupole electromagnet is used. Fig. 2 presents a drawing of the magnet consisting of: two pairs of coils placed orthogonally to each other and four ferromagnetic cores mechanically connected to the outer frame. Two voltage-controlled current sources (VCCS) are used for the application of current in order to generate the required magnetic field vector in the area between the poles.
The key issue in biaxial magnetic field sources is the homogeneity of the field, because it is not always possible to place the element under measurement at the geometrical center between the poles. Although a single element is smaller than 0.5 mm, a whole sample (with 100 or more devices distributed on its surface) is 10 × 10 mm 2 or larger. Furthermore, moving the sample during a series of measurements may importantly affect the experimental results, since the movement may slightly rotate the sample with respect to its initial position. In addition, in the present solution, the space between cores is not enough to place a moving table with micropositioners there.
Therefore, finite element simulations in COMSOL Multiphysics modeling software [17] were used to determine the region suitable for spintronic measurements, as well as to select the best poles geometry that would produce the most homogeneous magnetic field at different θ set angles. Thinfilm samples inside the magnet can be treated as 2-D objects placed at the geometrical center between the poles; therefore, the problem of homogeneity measure can be simplified as 2-D. In addition, as will be mentioned afterward, the magnetic field vector (Ĥ ) at the center of the magnet can be measured and controlled precisely with the use of PID feedback loop. Therefore,Ĥ (0, 0, θ set ) can be used as a reference value for calculating the field homogeneity.
The representation of the field vector in polar coordinates [see (1) ] enables calculation of the error of the magnetic field angle and magnitude, where x and y represent the position in the electromagnet, θ set represent the expected angle, and θ H (x, y, θ set ) is the actual field angle at position (x, y)
Equations (2) and (3) represent the measure of homogeneity using a normalized maximum difference in magnetic field magnitude (or angle) at the geometrical center between the poles and field at the (x, y) position inside the circle of radius r
A magnetic field distribution was measured using miniature triaxial hall sensor (Section II-A3), whose position inside the magnet was controlled with micropositioners. Measurements were repeated for angles θ set ranging from 0°to 360°in steps of 10°. Moreover, for each θ set , the position coordinates (x and y) were changed in the range of ±11 mm with suitable steps. The example of the magnetic field distribution for spherical electromagnet poles at θ set = 0°is presented in Fig. 3 . According to Fig. 3 , it is assured that the single microsized and nanosized devices under measurement are placed within the homogeneous magnetic field.
Initially, cores with flat poles were prepared, but the achieved magnetic field homogeneity was not satisfactory. Based on the results of finite element simulations, the poles with spherical hollows were selected as the best option to improve the field homogeneity. Both types of poles are presented in Fig. 4 .
2) Magnetic Field Control Algorithm: The magnetic field control system contains two VCCS, connected to two independent pairs of coils. At the center between the poles, a bi-axial magnetic field sensor is used for magnetic field vector measurements.
For two perpendicularly crossed pairs of Helmholtz coils, the magnetic field could be controlled by applying current Fig. 3 .
Example of the magnetic field distribution, measured at angle θ set = 0°for spherical electromagnet poles. The area of measurement between the cores is marked on a schematic inset of Fig. 3 . The area of interest for a typical 10 × 10 mm 2 sample is marked using gray rectangle. according to simple trigonometric formulas. However, for quadrupole electromagnet, these relations are not true, since two pairs of cores mounted in the electromagnet influence the magnetic field produced by each other. Therefore, the angle and magnitude of the field do not follow the rules described previously. Moreover, a step response of the electromagnet was measured using a Hall magnetometer in order to determine the time constant of the electromagnet, which is equal to 600 ms. This relatively high value of the time constant makes control of the magnetic field even more challenging. The solution for these issues is to use a feedback loop to control the field in the area between the poles. For this purpose, we used two independent discrete PID controllers with anti-windup algorithms [18] that limit the maximum value of their integral errors.
3) Magnetic Field Controller: The overview of the control and measurement system is presented in Fig. 5 . The hall sensor MLX90363 with SPI interface was used as a three-axial magnetic field sensor. This sensor provides data via a digital SPI interface. It allows for a sampling rate of 250 times per second with 14-bit resolution (13 bits + sign) when filtering and automatic gain control is switched OFF. The measurement magnetic field range of this sensor is approximately ±36 kA/m for each axis. The sensor is placed on a separate printed circuit board utilizing a cable connection to the device. The board is suitable to be installed inside a sample holder. In this application, we use two of the three available axes. Although the magnetic fields used in the setup exceed the range of the sensor, a simple linear relation of the magnetic field versus current is used for higher magnetic field values. This approach is justified in the region above the significant influence of magnetic remanence (the magnetic remanence of the cores is about 1 kA/m; therefore, for sensing range of 36 kA/m, its influence drops below 2.8%) and below the saturation (300 kA/m) of the electromagnet core.
4) Control and Signal Processing:
The Advanced RISC Machine (ARM) microcontroller (μC) STM32F407 was used as the main processing unit. It has an embedded floating-point unit, which enables the performance of high-speed mathematical floating-point calculations that in turn are necessary to derive the field parameters and run two independent PID controllers with a sufficient speed. The designed system controls the field with a time resolution of 250 times per second without blocking other processes, like communication or controlling the display.
The communication interface is based on an FT232RL USB to UART converter. The chip provides serial communication (Virtual Com Port) between the PC and the ARM microcnotroller. The interface is powered via USB and optoisolated from the rest of the hardware in order to protect the PC from damages due to unexpected power-related incidents. The interface may also be used to upgrade the firmware.
5) Analog Output:
Analog driving output signals are generated using DAC8531 (16 bit digital-to-analog converter with serial interface). The reference voltage is provided by REF193 which outputs 3 V. Using operational amplifiers (OP07CR), −1.5 V voltage is generated and then added to the output of each DAC. It results in shifting the range of voltage from 0, 3 V to −1.5, +1.5 V. Then, a second set of amplifiers uses a gain of (22/3) to provide output in the range of ±11 V. Digital control signals are also optoisolated from control logic and powered from a separate voltage regulator to minimize the noise generated by the microcontroller.
The circuit provides output voltage resolution of approximately 0.34 mV. Considering noise, a real resolution of 1 mV was obtained. Two VCCSs are provided by two Kepco power supplies BOP 50-8M. In this configuration, a field resolution of 40 A/m was obtained.
6) Power Supply for Magnetic Field Controller:
The power supply is located on an external printed circuit board to allow easy replacement. To avoid high voltages in the system, the controller is supplied by a 5 V and 2 A power supply. Then, two AM1P-0512SZ dc converters were used do provide ±12 V for the analog output part. Also a low-dropout regulator LM1117-3.3 was used to provide 3.3 V for the microcontroller.
7) User Interface: The display and control module was also made as a separate printed circuit board to allow mounting on a front panel. An HD44780 compatible 20 × 4 character display was used. The display presents measurement results in each axis, error messages, and mathematical functions of field vector: projections onto various planes, total magnitude, and angles.
8) Software:
As the measurement process is controlled by the PC, the quadrupole system is also integrated with software designed using the LabVIEW environment. The software, together with the necessary equipment, enables taking the following measurements:
The software also supports parametric sweeps allowing to prepare a set of measurements. This is very useful to prepare, for example, a set of linear magnetic field sweeps at different angles. A graphical interface is provided to select the appropriate equipment and to control its parameters.
B. Spin Diode Measurement Setup
The experimental setup presented in Fig. 1 enables angular dependence measurements of both magnetoresistance and SD voltage [8] . The bias tee separates the RF input signal from the output dc voltage generated by the examined spintronics device. Also, by replacing the voltmeter with a sourcemeter, simultaneous resistance measurements can be performed.
The setup utilizes an Agilent RF generator Model PSG E8257D with output power set to 10 dBm, while for dc voltage measurements, an Agilent 34401A voltmeter. The sample is connected to the system using a signal-ground RF probe provided by Picoprobe with 200 μm pitch. The 20 GHz bandwidth RF cables are used to connect the probe, bias tee, and generator.
C. Sample
For testing purposes, we used a spin valve giant magnetoresistance sample [8] , fabricated by magnetron sputtering technique (Fig. 6) . It consists of a composite NiFe/CoFe (6 nm) free layer (FL) and CoFe (2.1 nm) reference layer (RL) separated by a Cu (1.9 nm) spacer. RL is antiferromagnetically coupled through a thin Ru (0.85 nm) layer with a CoFe (2.0 nm) pinned layer (PL) that is deposited on antiferromagnetic (AFM) PtMn (18 nm layer). After the deposition process, the GMR stack was annealed in the in-plane magnetic field in order to induce an exchange bias between AFM and PL, which is oriented parallelly to the strip axis. Next, microstrips of 5 × 70 μm 2 were patterned using direct write laser lithography, ion-etching, and lift-off process. The patterned structure allows for the measurements of GMR in the current in-plane configuration. A representative microscope image of the fabricated device is presented in Fig. 6 .
III. RESULTS AND DISCUSSION
A. Step Response of the System
The PID coefficients were carefully tuned to provide the fastest step response without any oscillations and overshoots. Measurements of magnetic field (H) versus time are presented in Fig. 7 . Black lines represent a response to change in power supply control voltage from 0 to 0.2 V [ Fig. 7(a) ] and from 0 to 0.3 V [ Fig. 7(b) ]. Red lines represent the results of running a PID controller to obtain the same magnetic field change, as during the application of a voltage step.
The initial value of the magnetic field for all measurements is greater than zero due to remanence of cores, which is impossible to eliminate when using a voltage step; therefore, the initial value for the PID controller was set to the corresponding magnetic field obtained using a voltage step. The final value for the PID controller was set to match the one obtained using voltage step. To verify the strength and angle of the magnetic field vector applied at the center between poles, the steady-state error (offset field and angle difference between the requested and obtained values) was measured (Fig. 8 ) when using the PID controller and without the feedback loop. The measurement revealed that for operation without the PID controller, the steady-state errors are not constant in the measurement range, and therefore, it would be difficult to correct them without a feedback loop.
As a result, a significant improvement of rise time was observed, as well as the ability to cancel the remanence field of cores (steady-state error). The maximum field difference for the case with PID is 78 A/m and the angle difference shows a value of 0.13°, compared with 1024 A/m and 1.65°without the feedback loop.
Measurements of the magnetic field vectors in an area between the cores were performed to determine the uniformity of the field. Results of the measurements were analyzed as described in Section II-A1 and are presented in Figs. 9 and 10 . For a typical 10 × 10 mm 2 sample, spherical poles are more reliable than flat ones, in terms of error of the magnetic field magnitude. On the other hand, both kinds of poles exhibit a similar error in the magnetic field angle. 
B. Angular Measurements of Spin Valve GMR and SD Effect
In this section, we show the reliability of the presented experimental setup by performing static (GMR) and dynamic (SD) measurements of our spintronic device described in detail in Section II-C.
First, we show GMR dependences at high and low magnetic field oriented at 0°and 90°with respect to the long axis of the GMR microstrip [ Fig. 11(a) ]. For angular measurements, the external magnetic field was set to H = 31.8 kA/m. Next, the direction of the magnetic field was changed from −180°to 180°with respect to the long axis of the GMR microstrip. The results are shown in Fig. 11(b) . The measured resistance R(θ H ) follows the cosine dependence as predicted for the GMR structures [8] , [19] , [20] :
In (4), R ≡ R AP − R P is the magnetoresistance, i.e., the difference in a resistance of parallel (P) and antiparallel (AP) states [see Fig. 11(b) ]. Next, we measured the SD voltage dependence on external magnetic field direction, and the results are presented in Fig. 11(c) .
In order to verify our experimental results, we adapted the analytical model that was previously developed for an exchange-biased GMR structure [8] . Here, the model accounts for the exchange bias direction parallel to the strip's long axis.
First, we compared the experimental and theoretical dependences of resonance frequency on magnetic field angle. This dependence is visible in Fig. 11(c) as a frequency shift of the experimental V dc spectra for different magnetic field angles. According to the macrospin model [8] , the resonance frequency in the limit of small damping (α 2 → 0) can be expressed as
where M S stands for saturation magnetization, γ e is the gyromagnetic ratio, U (θ, φ) is the magnetic total energy, and partial derivatives are calculated at stationary magnetization angles θ M and φ M , which are determined by the local minimum of U . Similarly as in [8] and [9] , the total magnetic energy U includes the shape anisotropy, the magnetocrystalline anisotropy in the x-direction, as well as the interlayer exchange coupling energy term. As one can notice, the model requires a set of initial parameters related to different contributions to the energy U . However, most of them we determined from the previous experiments carried out on the similar GMR structures (e.g., M S and α) [8] , [9] . The energy of the interlayer exchange coupling has been estimated from the shift of the hysteresis loop shown in Fig. 11(a) . Since we know the geometrical dimensions of the FL strip, we could calculate the shape anisotropy (demagnetizing factors) using the method given in [21] . On the contrary, the magnetocrystalline anisotropy (H K ) has been estimated by fitting theoretical resonance frequencies and V dc amplitudes to their experimental values. Despite that, the magnitude of H K was reasonable and comparable to the ones from our other papers. It was also assumed that the Oersted field has only one component, i.e., H Oe,x perpendicular to the long axis. The calculated angular dependence of the resonance frequency is shown in Fig. 11 (c) as a solid line.
As one can see, the theoretical prediction agrees very well with the experimental result. In both the cases, the resonance frequency changes by 0.7 GHz while the external field rotates by 180°.
Next, we used our model to compare the theoretical and experimental angular dependence of the V dc signal amplitude. Based on the results presented in [8] , we can express the V dc signal as an antisymmetric resonance curve
where f 0 and σ denote the resonance frequency and resonance curve width (full-width at half-maximum), respectively, and A stands for the amplitude of the V dc signal given by
In (7), I and H Oe are the amplitudes of the alternating current and associated Oersted field, respectively, θ H is the external magnetic field angle, while N z(x) denotes the demagnetizing factor in the z(x)-direction. The phenomenological factor η was introduced in order to account for all possible losses of microwave signal in the experimental setup [9] . Similarly, as in the case of resonance frequency calculations, we assumed the following values of magnetic parameters of the FL: saturation magnetization μ 0 M S = 1.06 T , uniaxial anisotropy field H k = 2.8 kA/m, and demagnetizing factors: N z = 0.997311, N x = 0.00246728, and N y = 1 − (N z + N x ) . According to (7) , the spin-diode signal amplitude follows sin 2θ H dependence, which is also visible in the case of experimental data shown in Fig. 11(d) .
Different than previously reported [22] , V dc (θ ) dependence comes from a specific orientation of exchange bias, Ruderman-Kittel-Kasuya-Yosida coupling, and anisotropies in our sample. On the other hand, the similar angular dependence of V dc signal can be found in AMR structures under very specific conditions (dynamic Oersted field perpendicular to the AMR stripe) [23] .
IV. CONCLUSION
The experimental setup for a multitude of static and dynamic angular magnetic measurements has been developed and presented. As a result of application of the quadrupole electromagnet with a dedicated feedback control system, we have been able to generate an arbitrary in-plane magnetic field vector. Moreover, in order to increase the area with the uniform magnetic field vector, we optimized the shape of the electromagnet cores. Therefore, we have eliminated a possible magnetic measurement inaccuracy that may occur in a standard sample-rotating setup. The experimental system was tested by measuring the angular dependence of the resistance and spin diode effect in the spin-valve GMR microstripe. Both static (resistance) and dynamic (spin-diode effect) angular dependences were compared with the theoretical predictions that confirmed the reliability of the presented measurement setup.
